ABSTR AC T Background and study aims Investigations for lower gastrointestinal bleeding (LGIB) include flexible sigmoidoscopy, colonoscopy, computed tomographic angiography (CTA), and angiography. All may be used to direct endoscopic, radiological or surgical treatment, although their optimal use is unknown. The aims of this study were to determine the diagnostic and therapeutic yields of endoscopy, CTA, and angiography for managing LGIB, and their influence on rebleeding, transfusion, and hospital stay.
Introduction
Acute lower gastrointestinal bleeding (LGIB) has an estimated incidence of 33/100 000 but is associated with greater resource use than upper GI bleeding [1] . The management of LGIB involves determining the source of bleeding in order to direct the most appropriate intervention to achieve hemostasis. There are multiple choices of intervention, including flexible sigmoidoscopy, colonoscopy, computed tomographic angiography (CTA), mesenteric angiography, and nuclear scintigraphy. The diagnostic and subsequent therapeutic yields are unclear and are likely to be influenced by multiple patient factors [2, 3] and the timing of intervention [4] . There is little evidence in the literature informing the optimal use of these interventions; hence, the development of recommendations in guidelines is limited [5] .
As well as diagnosis, endoscopy offers endotherapy, including adrenaline injection, thermocoagulation or clipping. Extravasation of contrast on CTA or mesenteric angiography may identify bleeding that is amenable to embolization. Compared with colonoscopy, CTA is better tolerated by patients but may identify a source only where there is active bleeding [6] . Delays between CTA and angiography may lead to a blush on CTA becoming nonapparent on a subsequent mesenteric angiogram [7] .
Given uncertainties around the optimum initial approach to investigation and management, we conducted a systematic review of the diagnostic and therapeutic yields of flexible sigmoidoscopy, colonoscopy, CTA, and mesenteric angiography for LGIB. This takes the form of several direct head-to-head comparisons between modalities, each of which is reported separately, aiming to mirror the clinical questions encountered by clinicians involved in the acute management of LGIB.
Patients and methods
This review was registered on the PROSPERO register of systematic reviews (CRD42016025100) and conducted in accordance with the preferred reporting items for systematic review and meta-analysis (PRISMA) statement [8] and Meta-Analysis of Observational Studies in Epidemiology (MOOSE) group [9] .
Search strategy
We searched MEDLINE, PubMed, EMBASE, CDSR, CENTRAL, DARE, HTA, NHSEED, ClinicalTrials.gov, and the WHO International Clinical Trials Registry Platform for articles published between 1 January 2000 and 12 November 2015 without language restrictions (see Appendix 1 for search strategy). The search was limited to publications since 2000 owing to the more recent adoption of CTA and therapeutic endoscopy, reflective of modern day practice.
Study eligibility
Eligible studies were randomized controlled trials (RCTs) and cohort studies (nonrandomized studies of intervention [NRSIs] ). As there is variation in the reporting quality of NRSIs, those with a cohort design without methodological concor-dance were screened to ascertain whether they met the criteria to be categorized as a cohort study as described by Dekkers et al. [10] .
Adults hospitalized with acute LGIB of any cause were eligible. Studies of upper GI bleeding or pediatric populations were ineligible.
LGIB was defined as "the onset of hematochezia originating from either the colon or the rectum" [5] . This can manifest as red or maroon blood, or melena [11] . As the focus of this review was the immediate investigation and treatment of LGIB, studies of patients who had completed first-line investigations (colonoscopy, esophagogastroduodenoscopy, and radiological studies) without a proven source of bleeding, such as those with obscure GI bleeding [12] , were excluded.
Interventions included flexible sigmoidoscopy, colonoscopy, CTA, mesenteric angiography, therapeutic endoscopy, and mesenteric embolization. Comparisons were grouped into three themes: choice of investigation, timing of investigation, and choice of treatment. Choice of investigation comparisons comprised: flexible sigmoidoscopy vs. CTA, colonoscopy vs. CTA, colonoscopy/flexible sigmoidoscopy vs. other (e. g. standard care), CTA vs. other. Timing of investigation comprised early vs. late flexible sigmoidoscopy, colonoscopy, CTA, and mesenteric angiography in relation to presentation with bleeding. To maximize study eligibility we did not pre-specify "early" and "late." Choice of treatment comprised endoscopic hemostasis vs. embolization, endoscopic hemostasis vs. other (e. g. surgery), and embolization vs. other. Specific types of endoscopic therapy were also compared. Where applicable, subgroups populated by hemodynamic status were also compared.
Outcomes
Primary outcomes were diagnostic and therapeutic yields. Therapeutic yield was defined as the proportion of participants that received hemostatic therapy, either during or after the intervention. Secondary outcomes were rebleeding, red blood cell transfusion, length of hospital stay, mortality, and complications related to the intervention.
Two reviewers screened studies and extracted data independently. Study screening and data extraction were performed using Covidence Systematic Review Software (Veritas Heath Innovation Ltd., Melbourne, Australia).
Risk of bias in RCTs and NRSIs was assessed using the Cochrane risk of bias tool [13] and the Newcastle-Ottawa Scale [14] , respectively.
Statistical analysis
Continuous outcomes were compared using mean difference and 95 % confidence intervals (CIs). Dichotomous outcomes were analyzed using risk ratio (RR) and 95 %CI for RCTs, and odds ratio (OR) and 95 %CI for NRSIs. Where the number of observed events was small, Peto OR and 95 %CI were used.
RCTs and NRSIs were analyzed separately [13] . NRSIs were deemed comparable if they had a Newcastle-Ottawa score ≥ 8 [15] . Meta-analysis was conducted to calculate pooled RR, OR or mean difference, and 95 %CI for each comparator. Statistical heterogeneity was analyzed using I 2 statistics, and values > 50 % were considered to be significantly heterogeneous [16] . We used random effects modeling for all NRSIs and presented OR regardless of heterogeneity. No tests for funnel plot asymmetry were undertaken, as the number of studies in each comparison was fewer than 10 [13] . Meta-analysis was undertaken using Review Manager 5.3 (Cochrane Collaboration, Copenhagen, Denmark).
Results
Searches identified 5879 potentially eligible references and 40 from 2410 prescreened records (▶ Fig. 1 ). On full-text review, 507 studies were excluded (reasons shown in ▶ Fig. 1 ) leaving 2 RCTs, 13 NRSIs, and 2 ongoing studies, including 6 conference abstracts [17 -22] .
Characteristics of reviewed studies
There was a lack of data across all interventions and comparators, notably no RCTs or NRSIs comparing embolization with endoscopic hemostasis. There were no studies that included flexible sigmoidoscopy as a comparator. Comparisons between colonoscopy and CTA were limited to nonrandomized data (▶ Table 1 ). A total of 10 studies compared different interventions and five examined different timings of the same intervention. Case definitions of LGIB are included in Appendix 2. A total of 11 studies included patients with LGIB of any cause [4, 18 -20, 23 -29] and four were limited to patients with diverticular bleeding [17, 21, 22, 30] . The number of participants enrolled in each study ranged from 72 to 100 in the RCTs, and from 27 to 326 in the NRSIs.
Most studies were conducted in older patients and, where reported, anticoagulant, nonsteroidal anti-inflammatory drugs, and particularly antiplatelet use was common. Only four studies reported baseline hemodynamic status [4, 26, 27, 29] .
Choice of investigation
Colonoscopy vs. CTA No RCTs compared colonoscopy with CTA. The two eligible NRSIs were retrospective, one comparing early colonoscopy and CTA (within 24 hours of admission) with early colonoscopy alone in 223 participants [26] , and one comparing early colonoscopy with CTA (timings not defined) in a single cohort of 57 patients with diverticular bleeding who underwent both tests [21] .
The was no difference in the diagnostic yield of CTA combined with colonoscopy vs. colonoscopy alone (OR 1.31, 95 % CI 0.26 to 6.63), although the diagnosis of lesions with active bleeding, adherent clot or visible vessels was higher in the CTA group (OR 2.14, 95 %CI 1.16 to 3.95, 223 participants) [26] . Patients in this group subsequently received more endoscopic hemostatic treatment (OR 3.47, 95 %CI 1.74 to 6.91), but there was no difference in terms of rebleeding (OR 1.08, 95 %CI 0.51 to 2.28) or the number of participants receiving transfusion (OR 1.71, 95 %CI 0.86 to 3.39). Mortality, length of hospital stay, and complications were not reported. The study by Yabutani et al. [21] described only diagnostic yield, demonstrating no difference between CTA and colonoscopy (OR 1.36, 95 %CI 0.63 to 2.95, 57 participants).
Colonoscopy vs. other
We identified one RCT [4] that randomized 100 patients to colonoscopy within 8 hours or standard care (red cell scanning, angiography or elective colonoscopy). The diagnostic yield was higher in the group randomized to urgent colonoscopy (RR 1.91, 95 %CI 1.03 to 3.53), but there was no difference in therapeutic yield (endoscopic hemostasis or vasopressin infusion at angiography: RR 1.7, 95 %CI 0.87 to 3.34) or rebleeding (RR 0.73, 95 %CI 0.37 to 1.44), although volume of transfusion was smaller in the urgent colonoscopy group (mean difference -0.8 units, 95 %CI -0.62 to -0.98). We identified one NRSI [23] : a study of 111 participants who underwent ultrasound followed by colonoscopy. The diagnostic yield of colonoscopy was superior to that of ultrasound (OR 3.78, 95 %CI 2.07 to 6.91).
CTA vs. other
No RCTs were identified. The three eligible NRSIs all compared CTA with nuclear scintigraphy; two retrospective cohort studies of 92 -99 participants [18, 20] , and one before and after study of a protocol that prioritized CTA over nuclear scintigraphy in 161 participants [25] . Ketwaroo Studies assessed for full-text eligibility (n = 527)
Eligible studies (n = 20)
Records excluded, did not meet eligibility criteria (n = 5354)
Full-text studies excluded (n = 507) Wrong study design (n = 193) Wrong comparator/no comparator (n = 165) Wrong intervention (n = 47) Patients not hospitalized (n = 37) UGIB or unable to classify (n = 41) Includes pediatric population (n = 19) Wrong outcomes (n = 5)
Multiple reports of same study excluded (n = 5)
Records identified through other sources (n = 2)
Randomized controlled trials (n = 2)
Nonrandomized studies (cohort studies) (n = 13)
1.67 to 9.72, 92 participants) but the study by Sun et al. [20] reported no difference between modalities (OR 0.49, 95 %CI 0.20 to 1.21, 99 participants). Neither study reported therapeutic yield for both study arms or any of the secondary outcomes. The protocol study by Jacovides et al. [25] 
Diagnostic mesenteric angiography vs. other
We found no studies that included mesenteric angiography as a first-line intervention.
Timing of first-line investigation

Colonoscopy
One RCT [29] , one prospective [19] , and three retrospective NRSIs [24, 27, 28] compared early and late colonoscopy. The RCT by Laine et al. included 72 patients. The NRSI ranged from 57 to 326 participants. Early colonoscopy was defined as within 12 hours by one study [29] and within 24 hours by three studies [19, 24, 27] . One study subdivided cohorts into consecutive 12 hours groups [28] . For the purpose of this comparison, early colonoscopy is defined as that performed within 24 hours of admission. When assessing diagnostic yield, three studies categorized diverticula [27 -29] or hemorrhoids [28, 29] as a definite (based on the presence of active bleeding or stigmata of recent hemorrhage) or presumptive (presence of diverticulosis or hemorrhoids without bleeding in absence of other potential bleeding sources) cause of bleeding. Rodriguez-Moranta et al. [19] reported only definite diagnoses, but did not define these, and Albeldawi et al. [24] did not define diagnosis.
When presumptive and definite diagnoses are included in diagnostic yield, no difference was observed between early vs. late colonoscopy in the RCT (RR 1.17, 95 %CI 0.87 to 1.56) or pooled analysis of the NRSIs (OR 0.68, 95 %CI 0.31 to 1.49, 3 studies, 527 participants, I 2 = 9 %, ▶ Fig. 2 ). When diagnostic yield was limited to definite diagnoses, early colonoscopy was associated with a higher diagnostic yield in the NRSIs (OR 1.86, 95 %CI 1.21 to 2.86, 3 studies, 527 participants I 2 = 42 %, ▶ ▶ Fig. 2 ), although this was not significant in the RCT (RR 1.12, 95 %CI 0.70 to 1.78).
All studies defined therapeutic yield as the number of participants receiving endoscopic therapy. All employed endoscopic hemostasis with a minimum of three available modalities (clipping, banding, thermocoagulation, argon plasma coagulation, adrenaline injection), the specific type depending on pathology and endoscopist preference. The therapeutic yield was superior in the early colonoscopy group in the pooled analysis of the NRSIs (OR 3.08, 95 %CI 1.93 to 4.90, 4 studies, 707 participants I 2 = 7 %, ▶ Fig. 3a ), but no different in the RCT (RR 1.0, 95 %CI 0.36 to 2.81).
Rebleeding was reported in the RCT [29] and two NRSIs [24, 27] , but all varied in their definition (▶ Table 2 Transfusion was reported in the RCT [29] and one NRSI [27] ; patients in the early group of the RCT received more transfusions (mean difference 0.8 units, 95 %CI 0.65 to 0.95, 72 participants), but in the NRSI there was no difference in the number of participants receiving transfusion (OR 1.00, 95 %CI 0.62 to 1.63, 326 participants).
Mean length of hospital stay was reported in three studies [19, 27, 29] . Early colonoscopy was associated with a shorter hospital stay in NRSIs (mean difference 2.64 days, 95 %CI 1.54 to 3.73, two studies, 506 participants, I 2 = 0 %) and in the RCT (mean difference 0.40 days, 95%CI 0.06 to 0.74, 72 participants) (▶ Fig. 3b ).
Adverse events were reported in two studies [27, 29] . Laine et al. [29] reported one perforation in the late colonoscopy group (RR 0.33, 95 %CI 0.01 to 7.92). Nagata et al. [27] reported no major colonoscopy-related adverse events in either cohort. Mortality was reported in two studies [24, 29] . There were no deaths in the study by Albeldawi et al. [24] , but there were two deaths in the urgent colonoscopy arm in the RCT by Laine et al. (RR 5.00, 95 %CI 0.25 to 1.00). One patient developed a fatal intracranial hemorrhage, and the other required prolonged hospitalization due to medical co-morbidities and died after a cardiorespiratory arrest.
CTA and mesenteric angiography
We found no studies comparing early vs. late CTA or mesenteric angiography. 
Choice of treatment
Therapeutic endoscopy vs. other
One NRSI compared endoscopic therapy (adrenaline injection or thermocoagulation) with a historical control comprising conservative or surgical treatment in patients with diverticular bleeding [30] . Patients who received endoscopic treatment were less likely to require surgery for bleeding (Peto OR 0.14, 95 %CI 0.02 to 0.88, 27 participants), rebleed (Peto OR 0.10, 95 %CI 0.02 to 0.51) or receive a transfusion (Peto OR 0.10, 95 %CI 0.02 to 0.51). We identified one ongoing RCT comparing ▶ Table 2 Interstudy variability of the definition of rebleeding.
Study [ref]
Definition of rebleeding 
Mode of endoscopic hemostasis
No RCTs were identified. Two retrospective NRSIs were identified, both comparing endoscopic band ligation with endoclipping in diverticular bleeding [17, 22] . The primary outcome in both studies was re-bleeding; Ishii et al. [17] We identified one ongoing RCT comparing TC-325 (Hemospray) monotherapy at endoscopy with standard endoscopic therapy in patients with upper GI bleeding or LGIB due to malignancy (Barkun et al., NCT02135627).
Hemodynamic status
We identified no RCTs, NRSIs or ongoing trials that compared flexible sigmoidoscopy, colonoscopy, CTA or mesenteric angiography in groups stratified by hemodynamic status.
Assessment of methodological quality
Both RCTs were deemed at high or unclear risk of bias due to blinding (▶ Table 3 ). Laine et al. stated that their trial was not blinded. Green et al. also stated that the physicians caring for the patients were not blinded and gave no detail on blinding of outcome assessors. The nature of the interventions used in these studies makes blinding difficult. For subjective outcomes such as diagnostic yield this may introduce significant bias.
Rebleeding may also be subject to bias due to lack of blinding. Additionally, there was considerable interstudy variation in the definition of rebleeding in the eight studies that reported ▶ Table 3 Assessment of methodological quality (Cochrane risk of bias for RCTs, Newcastle-Ottawa for NRSIs).
RCT [ref]
Sequence Table 2 ). Most studies used a definition that included a period of clinical stability [4, 28, 29] , although some did not define the criteria that would need to be met to establish a new bleeding event [17, 24] . Three studies characterized rebleeding by the persistence of ongoing signs of bleeding without a period of stability [26, 27, 30] , but these definitions may have also captured patients with failed hemostatic intervention, rather than true rebleeding. One study did not define rebleeding [22] . The study by Laine et al. was subject to "other" source of bias, as it was terminated early because the hospital changed its protocol on allowing colonoscopy in the emergency room, although the reasons for this were not given.
Risk of bias in the NRSIs was assessed using the Newcastle-Ottawa scale. The two most common areas of poor performance in the NRSIs were selection of participants, particularly representativeness of the exposed, and comparability of cohorts. Six studies scored poorly for representativeness of LGIB as they studied a single pathology [17, 21, 22, 30] or a single intervention that was related to severity of bleeding [18, 20] . This limits interstudy comparability and the generalizability of these results to the LGIB population as a whole.
Three studies did not include data on whether they adjusted for confounders [17, 18, 20] , one study provided no data on confounders and also populated one treatment arm using an intervention that is likely to be related to severity of bleeding (endoscopic hemostasis) [30] , and one study compared baseline demographics for each group, but did not include cardiovascular parameters or baseline transfusion requirements [22] . There are likely to be significant baseline imbalances between the cohorts in these studies. None were deemed of sufficient quality to permit data synthesis.
Discussion
There is considerable uncertainty regarding the optimal management of LGIB [5] . This is a comprehensive review encompassing all of the major diagnostic and treatment modalities for LGIB, and demonstrating a lack of evidence across the majority of interventions. The area with the most evidence is timing of colonoscopy, with meta-analysis suggesting higher diagnostic yields, rates of hemostasis, and a reduction in the length of hospital stay with early colonoscopy.
Colonoscopy has been recommended as the first-line diagnostic procedure for LGIB [5] , but questions remain regarding its timing and suitability for all patients.
We found that the use of CTA with colonoscopy may enhance the identification of bleeding lesions when compared with colonoscopy alone. Although this did translate into increased use of hemostatic therapy, there was no or minimal impact upon clinically important outcomes such as rebleeding or transfusion. CTA is often reserved for unstable patients that do not respond to resuscitation [5] , but we found no studies comparing it with other interventions in exclusively shocked patients.
Although colonoscopy performed within 24 hours of admission was associated with higher rates of diagnosis, hemostasis, and a reduction in length of hospital stay, there was no evidence that it had any impact upon death or rebleeding. Paradoxically, there was higher red blood cell transfusion in the early colonoscopy arm of the RCT, although this may represent baseline imbalances between arms, as the initial hemoglobin was also lower in the early arm [29] . Most of the studies on timing of colonoscopy were nonrandomized, and conducted in patients who were subsequently diagnosed with diverticular bleeding, limiting the generalizability of these findings. Timing of colonoscopy has been the focus of three recent systematic reviews. Kouanda et al. and Seth et al. included RCTs and cohort studies, but differed in their classification of several large database studies that we rejected as case series, or restricted their search to English language studies [31, 32] . Nonetheless, the authors reported similar findings: there was no difference in rates of rebleeding, death or transfusion. In contrast to the present review, Seth et al. reported that there was no difference in therapeutic yield or hospital stay with early colonoscopy. For therapeutic yield, the authors did not include data from Albeldawi et al. in the meta-analysis, but the reasons for this are not clear. For length of hospital stay, the authors pooled estimates from RCTs with NRSIs, which may account for the different findings from the current review. Sengupta et al. used a similar study classification system to that used in the present review, and also pooled estimates from RCTs and NRSIs, but also reported no difference in clinical outcomes with early colonoscopy [15] .
The use of colonoscopy in real-life practice is variable. In a recent nationwide audit of 143 hospitals in the UK, colonoscopy was performed in only 4 % patients with LGIB, with a median waiting time of 4 days (range 2 -8) [33] . As there were no major barriers identified to the routine availability of colonoscopy, this is likely to reflect uncertainty regarding its utility in the acute setting. In contrast to upper GI bleeding, colonoscopy in the acute setting can be challenging to perform, requires rapid bowel preparation, and may be poorly tolerated by the patient. Only two studies reported complications, but overall early colonoscopy appeared to be safe. In one RCT, two patients who received urgent colonoscopy died [29] . Although neither was attributed to the intervention, the potential to cause harm in patients with extensive co-morbidities should not be underestimated.
The impact of early colonoscopy on hospital stay has clear benefits. A microcosting analysis of upper GI bleeding admissions reported an average cost of £ 2458 per patient, most of which was due to the cost of the hospital bed [34] . Not all patients with LGIB will require urgent investigation, however. In the UK, 48 % of admitted patients have a benign course and require no inpatient investigation [33] . The most frequent outpatient investigation is lower GI endoscopy, 70 % of which is scheduled to be performed more than 2 weeks post-discharge [33] . The value of such delayed intervention requires further research.
Outcomes other than length of hospital stay must also be considered. Rebleeding following endoscopic hemostasis was reported in 6 % -48 % patients in the cohort studies [17, 22, 27] , raising questions regarding the efficacy of endoscopic he-mostasis. This is important given the absence of evidence comparing it with other treatment options, notably embolization. The two studies comparing modes of endoscopic hemostasis were limited to patients with diverticular bleeding. Considering that bleeding stops spontaneously in over 80 % of patients [35] , this may not be the group that will derive the most benefit.
There are important questions regarding the value of colonoscopy in LGIB beyond diagnosis. Most therapeutic techniques originate in the upper GI tract and may be unsuitable for lesions in the colon and rectum. Endotherapy relies on the identification of stigmata of recent hemorrhage to localize and treat the bleeding source, but this can be subjective, as demonstrated by the differing diagnostic yields between lesions that were defined as a presumptive vs. a definitive source. This is particularly relevant to diverticular bleeding, the most common cause of LGIB in the UK [33] . It can be difficult to identify the culprit diverticula, and treatment of one will not guarantee prevention of bleeding from another. Evaluation of the current management of LGIB is limited by the lack of baseline data for comparison: national observational studies have only been conducted since 2000 [1, 33, 36] , and there are currently no national guidelines on the management of LGIB in the UK. It is therefore not possible to compare current management with historical practice and to establish whether newer interventions such as CTA have made an impact.
There are several limitations to this review. Most evidence originates from NRSIs, with significant bias, which limits the strength of the conclusions that can be drawn from the review. More randomized data, particularly on the timing of colonoscopy, are urgently required, especially in view of the recent publication of risk scores focussing on increasing the outpatient management of LGIB [37] . Systematic review of NRSIs is limited by the variable description of study methodology, making their classification difficult. This is evidenced by the different studies that are included in reviews of the same topic with similar inclusion criteria [15, 31, 32] . A new study comparing CTA with colonoscopy was published [38] after the searches for the current review were completed in 2015, and the results may be relevant to this topic and warrant an update of the present review in the future. We limited the search to studies published since 2000, as before this date routine use of endotherapy and embolization were in their infancy, and studies were mostly limited to case reports and safety studies. Relevant studies published prior to this period may have been missed therefore.
In summary, although there was a paucity of high-quality evidence across most interventions, we found that colonoscopy within 24 hours had higher diagnostic and therapeutic yields, and a shorter hospital stay. The value of colonoscopy after hospital discharge requires further appraisal, in addition to further research into the identification of patients who will gain the greatest benefit from early colonoscopy. Additional areas of research should focus on the clinical outcomes of endoscopic hemostasis, particularly comparisons with mesenteric embolization. 
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Results
Relevant references: 5850
Possibly irrelevant references: 2410 (contain one or more of the following words in the title: upper (not lower), abdominal aortic aneurysm, cancer, malignan*, carcinoma*, esophageal, duodenal, hepatic, cirrho*, stomach, liver, transplant*, varice*, pancreat*) These have been screened by one reviewer (KO) and identified 40 possible relevant references. These have been added to the 'relevant references' for full screening by two reviewers. 
